Summary
In this in vitro infectivity assay for Encephalitozoon cuniculi, lesions due to the organism appeared as macroscopically distinct foci. The number of such foci was used as a direct measure of the number of infectious units in the original sample. The expected correlation between focus-forming units and 50% infectious doses was observed in limit dilution experiments.
Encephalitozoon cuniculi (Microsporida, Glugeidae) is an intracellular protozoan parasite which frequently causes chronic infections in laboratory animals, especially rabbits (Canning, 1977) . The organism can be grown in cell cultures derived from a number of species, including rabbits (Shadduck, 1969) , dogs (Montrey, Shadduck & Pakes, 1973) and humans (Cox & Pye, 1975) .
A viable count is essential to many studies, including animal infectivity (Cox, Hamilton & Attwood, 1979) , stability of spore suspensions, and sensitivity to chemotherapeutic agents. Quantal assays which measure the 50% tissue culture infectious dose (TCID,cJ can be used to assess viability of E. cuniculi preparations (Montrey et al., 1973) , but require many replicates to achieve high precision, while spore counts (Waller, 1975) may not reflect the viability of a preparation. The macroscopic lesions often observed in infected human cell cultures (Pye & Cox, 1977) appeared to represent separate centres of· infection, and thus the basis for a quantitative assay procedure. This paper describes and evaluates an assay system based on enumeration of these lesions.
Materials and methods

Cell cultures
A diploid foetal human tongue cell line (CSL 300), derived at this institution, was used throughout these studies. The cells were cultured at 37°C in Basal Medium Eagle (BME) supplemented with 10% (v/v) unheated foetal calf serum and 10 mM HEPES buffer. For assay of E. cuniculi, confluent cell sheets in 30 ml plastic flasks (Catalogue number N-1460; Nunc Products, 8 Algade, DK-4000 Roskilde, Denmark) were maintained on Medium 199 supplemented with 5% unheated foetal calf serum. The pH was maintained between 7·2 and 7·5 by the addition of 2·8% (w/v) sodium hydrogen carbonate solution. Encephalitozoon cuniculi E. cuniculi (strain CSL-D 1) was isolated from a rabbit in canine embryo cell cultures, and subsequently grown in human cell cultures as previously described (Cox & Pye, 1975) .
Assay procedure
SeriallogJO or 0·5 logJOdilutions of spore suspensions were prepared in cell maintenance medium, and 1·0 ml of each dilution inoculated into 3 or more flask cultures of CSL 300 cells, each containing 5 ml of cell maintenance medium. Cultures were incubated at 37°C and the maintenance medium replaced at fortnightly intervals. From 3 weeks after inoculation the cultures were examined by indirect illumination and macroscopic lesions (foci) counted.
In a single experiment, a solid overlay containing 1% agar (Noble-Agar; Difco Laboratories, Detroit, Michigan 48201, USA) in the maintenance medium was used to prevent the formation of secondary foci. These cultures were fed at 2 weeks after inoculation, by the addition of liquid maintenance medium onto the solid overlay.
Calculations
The iterative pro bit method was used to calculate the TCID,o and its 95% confidence limits.
The number of lesions (foci) developing at individual dilutions was used to determine the concentration of focus-forming units (FFU) in spore suspensions, on the basis that each lesion was derived from one FFU. The X 2 distribution was used to calculate the 95% confidence limits for focus titres on the basis that the distribution of counts was Poissonian.
The expected FFU titres were calculated from the observed TCID,o titres using the relationship that I TCID,o is equivalent to In 2 (0·69) FFU per unit volume provided that secondary foci are not present and that focus counts follow a Poisson distribution.
Results
Distinct macroscopic foci regularly appeared within 3 weeks of inoculating protozoan suspensions into CSL 300 cell cultures. Since the foci developed under a liquid overlay, there was a possibility that secondary foci could contribute to the observed results. To examine this, assays were carried out in which the range of dilutions was sufficiently large to permit the determination of both TCID,o and FFU concentrations. The distribution of focus counts in replicate 
*95% confidence limits. tActually 16 replicates per O·5 log10 dilution. Table 3 . Comparison between liquid and solid overlays difficulty at 3 weeks, but readily at 4 weeks. Nosignificant difference was observed between titres obtained under solid and liquid overlays, as demonstrated by similarity in titres and overlapping counts. If secondary foci did eventually develop,the time of reading the assay would be critical. Flasks were maintained for several weeks and titres determined at intervals (Table 4 ). Eventually, in the later stages of incubation (5-6 weeks), foci could still be counted but were seen against a granular background of generalized infection. Secondary foci were not observed. When cell cultures degenerated the foci gradually became less distinct, presumably as infected cells gradually lysed. In the results presented in Table 4 , the titre remained relatively constant between 3 and 6! weeks after inoculation.
* 95% confidence limits in parentheses.
cultures was examined (Table 1) , and the results indicate that they fit a Poisson distribution. Since the number of TCID so observed is not affected by any development of secondary foci, it was used to calculate the expected number of FFU for comparison with the observed number (Table 2 ). The titres are presented in logarithmic form to simplify calculations. The results indicate no significant differences between observed and expected titres.
In Experiment 5, the titre was determined at the dilutions 10-1 and IO-I • s . The results, with 95% confidence limits in parenthesis, were 0·91 (0·85-0·97) x 103 FFU per ml, and 0·91 (0·80-1·03) x 10 3 FFU per ml respectively. The average number of foci counted per culture was 45·63 and 14·38 respectively.
When examining flasks for TCID so determinations, cultures receiving higher dilution inocula could not be considered negative until a week or so after foci could first be counted. At the highest dilutions which produced infected cultures, many of these had only 1 focus or, occasionally, 2 well-separated foci.
In another experiment, the possibility of secondary foci was examined by inoculating a series of dilutions into 'replicate cell cultures, and maintaining half of these under agar overlay ' (Table 3) . Foci developed more slowly under agar, and could be counted with Liquid Solid (1% agar) Titres x 10-3 (FFUlml) 5·76 (4·97-6·69)* 5·33 (4·57-6·23)
Counts per flask (10-2 dilution) 59 61 53 55 60 45 Several factors were found to affect the time of appearance of macroscopic foci. In at least 2 assays, including Experiment 2 above, the pH of the fresh maintenance medium used at 2 weeks after inoculation was high (7·8-8·1) due to an error during preparation. Macroscopic foci did not appear when expected. On microscopic examination, the cell cultures were less healthy than usual, with a decline in cell density and an increasingly granular appearance of uninfected cells.
Encephalitozoon development ceased, indicated by the failure of the infected cells to increase in size or number during a 10 day period in contact with this unsatisfactory medium. Replacement with fresh medium of lower pH (7·3-7·5) resulted in a gradual improvement in the cell cultures. The uninfected cells became less granular and their density increased. The infected cells gradually increased in size and number, and distinct macroscopic foci appeared within 7 days. In other experiments, the serum concentration in the maintenance medium was reduced to 1% (v/v), and the macroscopic foci required an extra week or so to develop. On microscopic examination, the cell coverage was less dense than usual.
Discussion
The focus assay system was easy to perform and simple to read. Each visible focus represented a single infectious particle in the original spore suspension, as demonstrated by the agreement between observed and expected titres (Table 2 ). Further supporting evidence was provided by agreement between titres obtained under liquid and solid overlays (Table 3) , and by the frequent finding at limit dilutions of infected cultures with only a single focus. The observed titre was independent of the dilution at which it was determined (Experiment 5), and there was agreement between observed and expected titres ( Table 2 ). The assay may be read reliably at any time 3-6 weeks after inoculation of the cultures (Table 3) . Healthy cell cultures were necessary to promote active growth of Encephalitozoon; a pH range 7·2-7·5 and a relatively high serum supplement (5% v/v) were found suitable.
The focus assay has high precision in routine usage. It can be read more readily and a week earlier than the quantal assay (TCID so )' It should prove valuable in studies on spore freezing and preservation, sensitivity to chemotherapeutic agents, and infectivity in animals.
